Dispersal and philopatric tendencies were examined in Alabama beach mice (Peromyscus polionotus ammobates) during a 26-month study. Data on microgeographic dispersal (126,410 trap nights) were used to test hypotheses relating to dispersal, persistence time, and home-range size. We predicted that dispersal between zones would be nonrandom and that dispersal patterns would fit a simple competition-based model. In addition, we predicted that philopatry would be beneficial in terms of persistence times and home-range size. Counter to our prediction, dispersal distance (average 160.2 m) was equal both within and between habitat zones. Home-range size (average 3,586.2 m 2 ) was significantly smaller for philopatric mice (1,933.7 m 2 ) but persistence times were longer for dispersers (ϩ37.5 days). We hypothesize that predation risk may counteract normal advantages of philopatry for this population.
Dispersal of individuals from their natal site has been a central focus of research in mammalian ecology for nearly 40 years. Importance of dispersal in ecology is reflected in profusion of models developed to explain this phenomenon (Buechner 1987; Miller and Carroll 1989; Murray 1967; Rodgers and Klenner 1990) . At the core of these models is the concept that either dispersal or philopatry can confer selective advantage. Murray (1967) developed the most widely applied dispersal model. This model concentrates on the hypothesis that observed dispersal patterns reflect the degree of intraspecific competition within the population. This model carries assumptions that available habitats are homogenous, sex ratios are equal within population, subadult and adult survival can be determined a priori, no adult emigration occurs between breeding seasons, subadults disperse simul-* Correspondent: mwooten@mail.auburn.edu taneously whether or not parents die, dispersal is linear, adults are dominant to subadults, and resident subadults are dominant to nonresident subadults. The model attempts to describe dispersal patterns where individuals gain benefits from remaining philopatric. Individuals disperse when forced to do so as a subordinate response but only as far as the nearest unoccupied home range (Murray's Rule) . Waser (1985) incorporated Murray's Rule into a mathematical formulation that yields predicted frequency distributions for dispersal distances. These distributions, based upon geometric probabilities, can be statistically compared to empirically derived distributions of dispersal, generally number of individuals moving n number of home ranges from their natal site. Specifically, Waser's (1985) model for competition-based dispersal, p n ϭ t(1 Ϫ t) n generates an expected frequency (p) distribution for individuals dispersing a given number of home ranges, n, where t represents the likelihood of a disperser finding an unoccupied home range and settling in it. 1 Ϫ t is the likelihood that any given home range an individual encounters is occupied. Waser's model incorporates the same assumptions as Murray's (1967) , but adds restrictions on home-range overlap and assumes that all levels of inbreeding are deleterious. Deviations from expected dispersal patterns are taken to provide evidence that factors such as mate acquisition, inbreeding avoidance, or habitat heterogeneity are influencing dispersal.
Most studies on dispersal patterns in small mammals have focused on species with polygamous mating systems. This is largely because of the relative rarity of monogamy in mammals (Ͻ3% -Kleiman 1977) and presumed simplicity of monogamous systems. Dobson (1982) predicted that monogamous mammals would demonstrate no bias in sex ratio for dispersers as both sexes share the costs of reproduction. This prediction of Dobson's has become the benchmark for modeling dispersal in mammalian systems (Johnson and Gaines 1990) . However, only a limited proportion of the vast literature on dispersal considers empirical data from monogamous rodents (Perrin and Mazalov 2000) . This paucity of data means that a central tenet underlying much of existing dispersal theory remains poorly tested.
The oldfield mouse (Peromyscus polionotus) has been widely used as an experimental organism (Garten 1976; Kaufman and Kaufman 1987; Margulis 1998 ). This species is well documented as one of the few monogamous species in the genus Peromyscus (Blair 1951; Foltz 1981; Smith 1966) . Our participation in recovery efforts of endangered Alabama beach mice (P. p. ammobates) provided an opportunity to collect data on subadult dispersal that could be used to test Dobson's (1982) prediction and to examine the consequences of philopatry.
Whereas P. polionotus is capable of dispersing several kilometers (Smith 1968) , our observations over 15 years indicate that most individuals settle within a few hundred meters of their natal areas. We interpret this observation as a preference for philopatry, and we hypothesize that philopatry provides a selective advantage within beach mouse populations. To test this hypothesis, 3 predictions were generated. The 1st was that dispersal of beach mice would fit Waser's competition-based model. This prediction provided a test of validity of our contention that observed dispersal pattern represented a simple linear function of distance. A 2nd prediction that home ranges of philopatric beach mice will be smaller than for dispersers provided a test of a likely mechanism for a hypothesized selective advantage. This prediction is based on our assumption that individuals would be more likely to remain philopatric on sites with an adequate resource base. Occupation of high quality habitat and natal site familiarity should allow more precise use of microenvironment. We selected home-range size as an index for this relationship. A 3rd prediction that persistence time of philopatric beach mice will be longer than for dispersers is our attempt to establish that this selective advantage exists. Support for these predictions would indicate that subadult dispersal was dictated by competition for resources and that mice remaining philopatric benefited from remaining near natal site.
MATERIALS AND METHODS
We conducted trapping from December 1994 to February 1997 at the 1,173-ha Perdue Unit of Bon Secour National Wildlife Refuge, about 13 km west of Gulf Shores, Alabama. This refuge contains the largest uninterrupted tract of habitat for P. p. ammobates, approximately 5.2 km of coastline. Beach habitat consisted of a line of thickly vegetated primary dunes. Moving inland, one encounters a more stable, well-established secondary dunefield. Inland of secondary dunes was the scrub dune crest. The scrub dunes are stabilized by sand live oak (Quercus geminata), rosemary (Ceratiola ericoides), and saw palmetto (Serenoa repens), followed by coastal transition habitat consisting of sand live oak on relict dune crests and sedges (Cyperaceae) in the swale areas.
We conducted trapping every 8 weeks (bimonthly) for 5 consecutive nights, weather permitting, on a system of 3 sampling grids (Beach 1, Beach 2, and Scrub). Each grid consisted of a 25 by 12 or 25 by 13 station array with stations placed at 20 m intervals. In beach habitat we established 2 grids (Beach 1 and Beach 2) starting at fore slope of primary dunes and extending inland to terminus of scrub dune crest. The grids were separated east to west by approximately 1 grid length. We placed the 3rd grid entirely within scrub habitat, landward of the beach grids. We placed 2 Sherman live traps baited with rolled oats at each station. For each individual captured, we weighed, determined gender, assessed age as adult or subadult (by pelage), and determined reproductive condition as scrotal or abdominal testes for males, visibly pregnant, lactating, pregnant and lactating, or not lactating for females. We uniquely toe-clipped all mice and released them at capture site.
Trapping effort for the 3 sampling grids totaled 126,410 trap nights over 14 collecting periods. We captured 1,010 beach mice (523 males, 487 females) a total of 5,412 times. Subadults constituted 24.9% (251 of 1,010) of marked individuals. A total of 132 subadults was recaptured as adults and was used for analysis of dispersal.
To derive estimates of population size, we used a maximum-likelihood estimation algorithm (CAPTURE- Otis et al. 1978 ) for capture-recapture data. We calculated relative density (number of mice per hectare) from population estimate divided by total grid area (ha). This measure is likely to have underestimated actual population density on grids, because there is a possibility of behavioral responses to trapping area (Otis et al. 1978) . However, supplemental trapping around grids did not indicate extensive movements of marked individuals away from study area.
Attempts to estimate survival probabilities using standard Jolly-Seber approaches with program JOLLY (Pollock et al. 1990 ) proved difficult because of low recapture of subadults. Therefore, we used persistence time on trapping grid as an alternative estimate of survival. We calculated persistence time as number of days between last capture as a subadult and last capture as an adult. GIS software, ArcView 3.0a (Environmental Systems Research Institute 1996) , was used to estimate home-range size (m 2 ) using the minimum convex polygon method and to determine linear dispersal distances (m). We selected minimum convex polygon because of the ease of calculation and its mathematical simplicity. Most statistical methods require sample size to be a minimum of 30 locations/animal, with 50 or more preferred to avoid large bias in homerange area estimates (Seaman et al. 1999) . A bimonthly sampling interval combined with short life expectancy (Ͻ9 months on an average) of beach mice made the use of more advanced statistical methods problematic.
Using linear distance between natal and adult sites as a dispersal index yields a measure of minimum distance traveled. The actual distance traveled or number of actual home ranges traversed is unknown for these data. To create an index of dispersal distance, we calculated average home-range size for all mice captured as Ն10 times. This area was assumed to be circular to allow for straightforward calculation of diameter. For analysis where sexes were separated, home-range diameters were calculated separately for each sex based on mean home-range size of that sex. These diameters represented a dispersal distance of 1 home range. Linear dispersal distance was measured (m) from geometric center of subadult activity to geometric center of adult activity. Number of home ranges that an individual dispersed was calculated as linear distance dispersed divided by diameter of average home-range size of all individuals captured Ն10 times. An individual was considered philopatric if it settled less than 1 home range away from natal center of activity as an adult. Conversely, dispersers were those mice that were marked as subadults and captured as adults greater than 1 home-range diameter away from natal center of activity. Standard statistical comparisons between population density and home-range size were not possible, because home ranges were measured over the lifetime of the mice. Population estimates, and thus density, varied greatly across time (seasons). For analysis of home ranges, only mice with Ն8 captures as an adult were used. This restriction limited the data set to observations from 13 individuals (7 philopatric, 6 dispersers) for this 1 analysis.
We used Waser's (1985) (Buechner 1987; Rodgers and Klenner 1990) . In each case, the fit of Waser's equation was comparable to more advanced models. Therefore, for our system, use of the simplest available mathematical abstraction seemed appropriate. In Waser's model, t represents the likelihood that an individual finds, and settles in, an unoccupied home range. As a first approximation for this parameter, we used proportion of philopatric individuals from our data. Use of this value is based on the assumption that philopatric individuals inherit their natal site. Descriptive statistics, t-tests, and analysis of variance (ANOVA) analyses were performed with the SAS statistical package, Windows version 6.12 (SAS Institute Inc. 1998). In cases of small sample sizes, FORTRAN programming was used to generate permutation-based significance levels (Noreen 1989) .
RESULTS
Sex ratios for entire sample, for subadults, and for subadults recaptured as adults did not differ from 1:1 (P Ͼ 0.25, P Ͼ 0.30, and P Ͼ 0.50, respectively; chi-square test). From entire sample (1,010 individuals), home ranges of mice with Ͼ10 captures (n ϭ 105) were determined using minimum convex polygons. Mean home-range sizes of males (3,553.4 Ϯ 382 m 2 ) and females (3,729.7 Ϯ 400 m 2 ) were not significantly different (t ϭ 0.50, d.f. ϭ 104, P ϭ 0.62), so data were pooled for a mean home-range size of 3,586.2 m 2 . The resulting diameter taken from a circle with an area equal to mean home range would be 68 m.
Of 132 subadults recaptured as adults, 72 (55%) remained philopatric and 60 (45%) dispersed greater than 1 home range from natal site. There was no evidence of a biased sex ratio for dispersers (31 males, 29 females; P Ͼ 0.70, chi-square test). Although subadult males dispersed farther, there was no significant difference in mean dispersal distance between subadult males (175.0 m) and subadult females (140.5 m; t ϭ Ϫ0.77, d.f. ϭ 59, P ϭ 0.44). The average dispersal distance (160.2 Ϯ 260.0 m) for all subadults, expressed as number of home ranges, was 2.4 home ranges. Linear dispersal distance was weakly and negatively correlated with population density (r ϭ Ϫ0.21, P ϭ 0.04).
An overall Kolmogorov-Smirnov test of number of home ranges mice moved showed that they closely fit the dispersal pattern predicted by Waser's competition model ( Fig. 1a ; D ϭ 0.10, P ϭ 0.18, n ϭ 132). However, when dispersal was analyzed by gender, a more complicated pattern emerged. Dispersal by females did not differ from the expected distribution (D ϭ 0.08, P ϭ 0.78, n ϭ 64; Fig. 1b) but, interestingly, dispersal by males did (D ϭ 0.18, P ϭ 0.04, n ϭ 68; Fig. 1c ). Mean home-range sizes (Ϯ1 SE) were 6,798.1 Ϯ 703.1 m 2 for dispersing mice and 1,933.7 Ϯ 580.2 m 2 for philopatric mice (t ϭ Ϫ5.34, d.f. ϭ 12, permutation P Ͻ 0.01; Fig. 2a) .
One assumption underlying our prediction regarding persistence time (prediction 3) is that survival is not a function of density. Correlation analysis indicated that survival estimates for all mice were independent of observed densities (r ϭ 0.31, P ϭ 0.32). Persistence time (days) in our trapping record was used as an index of survival for comparisons between philopatric mice and dispersers (Fig. 2b) , as subadult captures were insufficient to produce survival estimates. Mean persistence times (Ϯ1 SE) for philopatric mice (males, n ϭ 36, 96 Ϯ 10 days; females, n ϭ 32, 92 Ϯ 8 days) were less than for dispersing males and females, n ϭ 32, 138 Ϯ 19 days and n ϭ 29, 125 Ϯ 18 days, respectively (F ϭ 2.70, d.f. ϭ 3, 125, P ϭ 0.05 ANOVA). There was neither sex effect for response variable (F ϭ 0.39, P ϭ 0.53) nor any interaction effect (F ϭ 0.11, P ϭ 0.74). Results from ANOVA (main effect) did indicate that persistence times for dispersers were significantly different from those remaining philopatric (F ϭ 6.70, P ϭ 0.007). However, contrary to our prediction 3, direction of this difference was in favor of dispersers. Apparently, philopatry did not confer any obvious advantage for these mice. 
FIG. 2.-a) Home-range sizes (mean ϩ 1 SE)
for dispersing and philopatric mice. Home-range size for philopatric mice was significantly less than for dispersers (t ϭ Ϫ5.34, P Ͻ 0.001). b) Persistence times (mean Ϯ 1 SE) for dispersing and philopatric beach mice of both sexes. Twoway ANOVA model was significant (F ϭ 2.70, d.f. ϭ 3, 125, P ϭ 0.05). There was neither interaction effect (F ϭ 0.11, P ϭ 0.74) nor differences between sexes (F ϭ 0.39, P ϭ 0.53). The main effect of mover (dispersing or philopatric) showed that dispersers persisted significantly longer than philopatric mice (F ϭ 6.70, P ϭ 0.007).
DISCUSSION
The results from this study are consistent with our belief that beach mice can serve as an important model for testing major assumptions underlying models of mammalian ecology. Absence of differences between sexes in dispersal distance and sex ratio was entirely consistent with predicted dispersal strategies of a monogamous mammal (Dobson 1982) . This conclusion greatly reduces dimensionality of mathematics needed to model our system and, in doing so, eliminates some of the most problematic factors found in previous studies.
Following this logic, we applied Waser's simplistic competition model to evaluate dispersal patterns observed in beach mice. The modal dispersal distance was 0 home ranges with 55% of subadults remaining philopatric. These data indicate that competition among individuals within natal site is the most likely element driving dispersal of beach mouse in Bon Secour National Wildlife Refuge (Waser 1985) . Separated by sex, rates of philopatry were identical for males and females (55%). Subadult males did disperse greater distances on average, but this difference was not significant and most likely resulted from a few longdistance moves (Ͼ5 home ranges). We conclude that these results collectively indicate that competition for mates was an unlikely cause of dispersal. Findings that sex ratios were equal, dispersal distances between sexes were not different, and proportion of each sex that dispersed was the same are not consistent with mate competition models. Given the social system of beach mice, it seems likely that adults may share home ranges with young adults. This explanation is reinforced if we consider the significant negative correlation observed between dispersal distance and population density. For beach mice, population density, reproduction, and survival are at seasonal highs simultaneously, so there are many subadults recruited into population with fewer individuals dying during this season. Instead of home ranges becoming available to potential dispersers through deaths of adults, these offspring appear to have been readily accepted into the adult population.
An interesting question then arises: what is (are) the limiting resource(s) for beach mice that would result in dispersal? One hypothesis is that burrow sites are limiting. The harsh coastal environments and high predation pressure make selection of a quality burrow critical for beach mouse survival. Lynn (2000) found that beach mice have very specific requirements for burrow sites and that only a limited proportion of total habitat available exhibits the full array of these characteristics. Consequently, this leads to a clumped distribution in spatial organization of burrows often observed in beach mice populations.
One of our major predictions that philopatric mice would function within smaller home ranges than dispersers was strongly supported (Fig. 2a) . In contrast, our 3rd prediction that philopatric beach mice would survive longer than dispersers was not supported (Fig. 2b) . Acceptance of this prediction creates an interesting dilemma. Why are philopatric mice at a competitive disadvantage (lower persistence times) if their assumed ecological costs are lower? Clearly, the answer must involve a more complicated set of interactions than we initially assumed. What do our data tell us about such potential tradeoffs? Larson and Boutin (1994) found that dispersing Tamiasciurus hudsonicus that settled successfully had larger territories than philopatric individuals. We reasoned that familiarity with the natal site would provide a strong benefit in the harsh dune ecosystem, therefore, we predicted that philopatric mice could also function within smaller home ranges than dispersers. Our original assumption was that a reduced need for extensive movements would lessen daily risk of predation (Metzgar 1967 ). In addition, there would obviously be physiological costs associated with daily defense of any resource widely distributed within a larger home range. One of the hypothesized advantages of remaining philopatric is that individuals will benefit from occupation of a proven, high quality site (Anderson 1989; Murray 1967; Waser 1985) . This sessile behavior is expected to reduce risk of predation and physiological cost associated with the search for food, mates, and burrow sites (or all of them; Shields 1987). Although our results, on the contrary, were surprising and at first may appear contradictory, similar results have been reported by other researchers. Larson and Boutin (1994) found that T. hudsonicus dispersing away from natal sites had higher overwinter survival than philopatric individuals. They explained that juveniles made long-distance excursions prior to dispersal that allowed them to locate higher quality habitat. We cannot discount such predispersal excursions for subadult beach mice, but we have no evidence of them in our trapping records. Getz et al. (1994) also found greater persistence time and reproductive success for dispersing prairie voles, Microtus ochrogaster, which they attributed to high quality habitat where the study was conducted. It is our hypothesis that lower persistence time for philopatric beach mice was related to differential predator-prey interactions. On the study sites, we frequently observed mouse burrows that were excavated and subsequently destroyed by red foxes (Vulpes vulpes) and less frequently by coyotes (Canis latrans) in frontal dunes (high mouse density) but rarely in scrub dunes (low mouse density). It seems that as a direct function of catch per unit effort, predators may have focused on areas of high mouse density and avoided areas of low mouse density. The intensity of this predation must have been high enough to overcome elevated risk experienced by successful dispersers with larger home ranges. Ultimately, any factor(s) that affect(s) reproductive success of this shortlived species in the wild is likely to have profound consequences for lifetime reproductive fitness (Margulis and Altmann 1997) .
Although research using beach mice did provide unique information, we still faced limitations. The most obvious concern is that we were unable to determine the fate of 45% of subadults because we never recaptured them. Three possibilities emerge as explanations. First, these subadults may have simply settled in areas beyond our study grids. This is unlikely. Given the large areas covered by sampling grids (approximately 12 ha/grid), any substantial movements of a relatively large proportion of subadult population (45%) would likely have been detected during our supplemental trapping efforts. A 2nd possibility is that these subadults died prior to sexual maturity, never reaching the age where choice of dispersing or remaining philopatric became an issue. Little is known about the subadult life history stage for wild populations of beach mice. This may be a critical stage in which costs or benefits are manifested. A final possibility is that individuals died during the process of dispersal. For root voles (M. oeconomus), Steen (1994) suggested that the cost for dispersal became evident in the process of locating a habitat and becoming familiar with resources within new territory. No difference was detected in the survivorship of P. leucpous between philopatric mice and those that dispersed and located a territory (Krohne and Burgin 1987) . If an individual can survive this exploratory period it will likely be successful as an adult. Determining the fate of disappearing individuals would be a critical link to a more accurate assessment of dispersal cost. Future research should attempt to examine this point.
Whereas proximal causes for philopatric or dispersing behavior in beach mice remain to be elucidated, it is clear that intrapopulational ecology of P. polionotus is, for a mammal, a surprisingly simple system. Dispersal was equally weighted between males and females and appeared to be a function of direct competition for resources at the natal site. Our interpretation is that beach mice formed family groups in patches of high quality habitat where home-range overlap was generally tolerated. However, as densities increased young individuals were forced to disperse into areas of lower habitat quality.
It seems reasonable to conclude that use of a monogamous system greatly simplifies interpretations of dispersal data. With both sexes dispersing in equal proportions, issues such as competition for mates, differential acquisition of resources, or differential survival can be addressed, not intersexually but instead individually. In a sense, monogamy controls intersexual variation in dispersal tendencies. However, there are likely synergistic effects and interactions among inbreeding, habitat heterogeneity, and competition influencing dispersal patterns that remain to be identified. P. p. ammobates would appear to be an excellent model system for addressing such questions.
